published in Combust. Flame, 161(11), p. 2801-2814 DOI: 10.1016/j.combustflame.2014 and their coexistence for the conditions considered in this study. Typically, reaction dominated or ignition front and propagating-flame dominated regions are entangled for high dilution cases. Scalar gradient plays a strong role on whether reaction or propagating-flame dominated activities are favoured locally.
that the regions with strong chemical activity in MILD combustion are distributed over a substantial portion of the computational domain unlike in the premixed case where these regions are confined to a small portion of the domain. Also, interactions of reaction zones are observed in MILD combustion with their spatial extent increasing with dilution level. These interactions give an appearance of distributed combustion for MILD conditions. The morphology of these reaction zones is investigated using the Minkowski functionals and shapefinders commonly employed in cosmology. Predominant sheet-like structures are observed for the premixed combustion case whereas a pancake-like structure is observed as the most probable shape for the MILD cases. Spatial and statistical analyses of various fluxes involved in a progress variable transport equation are conducted to study autoignitive or propagative characteristics of MILD reaction zones. The results suggest that there are local regions with autoignition, propagating-flames,
Introduction
Moderate and Intense Low-oxygen Dilution (MILD) combustion has the potential to improve combustion efficiency and reduce pollutant emissions simultaneously [1, 2, 3] . This type of combustion is associated with intense preheating and dilution, where (i) the elevated reactant temperature, T r , is higher than the autoignition temperature, T ign , of a given fuel mixture and (ii) the temperature increase during combustion, ∆T = T p − T r , is lower than T ign . The product temperature, T p , is very low compared to that in conventional combustion even with the elevated reactant temperature because the reactant mixture is diluted with a large amount of exhaust gas so that the oxygen level in the reactant mixture is typically low, from 2 to 5% by volume [3] . MILD combustion is clearly distinguished from conventional premixed combustion since T r and ∆T are quite different in the two modes of combustion [3] .
Combustion under MILD conditions has many advantages [1, 2, 3] as summarised briefly below. Firstly, combustion efficiency is enhanced by preheating the reactants using the heat recovered from the exhaust. Secondly, NO formation is suppressed significantly because of intense dilution of reactants resulting in low oxygen level and flame temperature. It typically takes a few seconds to 2 produce substantial levels of thermal NO at around 1900 K but this time reduces to a few milliseconds at 2300 K [1, 2] . The maximum temperature in MILD combustion is typically less than 1900 K [1, 3] . Thirdly, combustion conditions having large T r and small ∆T help to suppress combustion noise and instabilities [1, 2] .
MILD combustion has been achieved in various configurations in previous studies [1, 2, 3, 4, 5, 6, 7, 8, 9, 10] .
Previous studies employing direct photographs [6, 7, 9] and laser thermometry [4, 5, 7, 11] suggest a uniform and distributed combustion under MILD conditions, often referred to as flameless combustion. On the contrary, the Probability Density Function (PDF) of temperature reported in [8] suggests the existence of thin reaction zones. Planar Laser Induced Fluorescence (PLIF) images of OH radicals also show fairly thin reaction zones [4, 5, 7, 11] . A recent study using direct simulation data of MILD combustion of a methane-air mixture shows the existence of thin reaction zones which interact frequently leading to the appearance of distributed combustion [12] . Thus, it is imperative to analyse reaction zone characteristics to understand whether MILD reaction zones are thin or not since this understanding is important to develop appropriate modelling for turbulent MILD combustion.
Autoignition is also expected to play a role in MILD combustion because T r > T ign as noted in previous studies [1, 2, 3] . The role of autoignition on flame stabilisation has been investigated using the Jet in Hot Coflow (JHC) burner [5, 13, 14, 15] and in other configurations involving diluted and/or hot reactants and coflow [16, 17] . The PLIF images of CH 2 O in [5] suggest that the hot coflow initiates ignition of the MILD mixture after localised extinction is caused by the entrained cold surrounding air in the JHC configuration. However, PLIF images 3 of OH [4, 5, 7, 11] and temperature PDFs [8] suggest that the MILD combustion in the JHC burner involves propagating flames. Thus, an interplay between autoignition and propagating flame can be expected in MILD combustion [3, 18] .
These contradicting views on MILD combustion involving either thin reaction zones or distributed combustion, and either autoignition or propagating flames, are the primary questions to be tackled in the present study. Direct numerical simulation (DNS) data are ideally suited for this purpose and a detailed analysis of MILD combustion DNS data is conducted to answer these questions. The morphology of turbulent MILD reaction zones is studied using the Minkowski functionals to be described in section 3.2. The autoignitive or propagative characteristics of these reaction zones are analysed using the balance of various fluxes in the transport equation of a reaction progress variable based on temperature.
This paper is organised as follows. The DNS methodology, construction of initial fields, and combustion conditions are briefly described in section 2. The results are presented in section 3. The PDFs of reaction progress variable in MILD combustion are presented in section 3.1. The analysis using Minkowski functionals is discussed in section 3.2.1 and the flux-balance analysis is presented in section 3.3. The conclusions are summarised in the final section.
DNS of MILD combustion and turbulent premixed flames
Combustion of a lean methane-air mixture will be considered under both MILD and conventional premixed conditions. In this paper, MILD premixed combustion will be referred to as "MILD combustion" while conventional undiluted premixed combustion will be referred to as "premixed combustion". The conditions for the MILD combustion are created using the concept of exhaust gas recircu-4 lation (EGR) and thus the reactant mixture is made of unburnt and burnt gases distributed randomly in space and time. The construction of this field is described in section 2.2. Direct simulation of a complete EGR system is beyond the reach of current computational capability and thus a two-stage strategy is followed in this study. Before describing this strategy in detail in section 2.2, the numerical methods are discussed first.
Numerical method and configuration
The numerical code SENGA2 [19] employed for this study solves fully compressible transport equations for mass, momentum, total energy and mass fractions of various scalars involved in the combustion chemistry. The transport properties depend on temperature and a detailed chemical kinetics scheme can be used for combustion chemistry. This code has been used in several earlier studies on turbulent premixed flames [20, 21] involving one-step or complex chemistry.
Here, a skeletal mechanism involving 16 species and 25 elementary reactions [22] is used. Binary Fickian diffusion is used with constant Lewis numbers for each species. The reference autoginition delay times computed using this diffusion model are comparable to those obtained using a multi-component diffusion model for MILD conditions [15] . Also, the use of multi-step chemistry and non-unity Lewis numbers is important for MILD combustion because of the role played by radicals and intermediate species present in the diluent. The values of burnt side temperature, laminar flame speed, thermal thickness, and reference autoignition delay times computed using the skeletal mechanism compared well with those obtained using GRI3.0 mechanism for the MILD conditions of this study.
The spatial derivatives are approximated on a uniform numerical grid using a tenth order central difference scheme which gradually reduces to a fourth or-5 der scheme near boundaries. The time integration is achieved using a third order Runge-Kutta scheme. The numerical stability of these schemes is maintained by using sufficiently small time steps (∆t ≤ 1 × 10 −8 s), which are dictated by the acoustic CFL condition. The computational domain is cubic, and inflow and non-reflecting outflow boundaries in the x direction are specified using the Navier-Stokes Characteristic Boundary Condition [23] while periodic conditions are specified in the y and z-directions. A similar computational domain with these boundary conditions is used for a conventional turbulent lean premixed flame, which is used for comparative analyses.
The mixture fields for MILD combustion contain pockets of exhaust and fresh gases. Such mixture fields are generated carefully in preprocessing steps to be discussed in section 2.2. These preprocessed fields of scalar mass fractions,
velocity,û[x(t), y, z], and temperature,T [x(t), y, z] are fed at an average velocity of U in as inflowing fields, Y i (x = 0, y, z, t), u(x = 0, y, z, t) and T (x = 0, y, z, t)
through the inflow boundary located at x = 0 of the computational domain. The symbol x(t) denotes the x location of a scanning plane at time t moving at a velocity of U in through the preprocessed fields. The method to construct these fields is described in the next subsection. For a DNS case of turbulent premixed flame, only the turbulent velocity field u is preprocessed. The species mass fractions and temperature at the inflow boundary are set to be constant values which correspond to the initial mixture composition.
Preprocessing of initial and inflow mixture fields
Direct numerical simulation of a complete MILD combustion system is not yet feasible because of the heavy computational cost involved. So, the simulation is split into two phases to mimic the physical processes of MILD combustion as noted in the previous subsection. The first phase involves preprocessing of a nonuniform and inhomogeneous mixture field which is consistent with the required turbulence and combustion conditions. The second phase is the turbulent MILD combustion in which the inhomogeneous mixture field generated in the first phase is used. These two phases are represented pictorially in Fig. 1 . Here, the symbol φ inj is the equivalence ratio and Q represents cooling and heating of the product and reactant mixtures respectively. The desired mixture fields ofû,Ŷ i andT are obtained following the steps in [12, 24] , which are described briefly below.
A fully developed homogeneous isotropic turbulence field is obtained first by simulating a freely decaying non-reacting turbulence field evolving from a specified initial spectrum [25] . Then, a homogeneous scalar field is obtained by specifying a scalar energy spectrum as in [26] , which is taken as the initial field of Bilger's mixture fraction [27] has a variation of about ±5% of the mean value, ξ , in the initial field. The equivalence ratio obtained using φ = (1 − ξ st )ξ/(1 − ξ)ξ st , where ξ st is the stoichiometric mixture fraction, gives a mean value of φ = 0.8 for all the cases considered in this study. The calculation of ξ is based on the boundary condition for the air stream diluted with products to a desired level of oxygen and a pure fuel stream as shown in Fig. 1 .
A typical c Y field generated at the end of the EGR mixing process is shown in 
Combustion conditions
The thermochemical conditions of the laminar flames used in the generation of the initial and inflowing fields described in section 2.2 are given in Table 1 .
The flames A and B have diluted reactant mixture as signified by the mole frac- tion, X i , r, of species i in the reactant mixture and thus these two laminar flames are used in the construction of mixture fields for the turbulent MILD cases. The burning velocity of these laminar flames is given in Table 1 as S L and the thermal thickness is defined as δ th = (T p − T r )/|∇T | max . The reference autoignition delay time for these mixtures is also given in the table. Here, this autoignition delay times are computed using a zero-dimensional, constant pressure homogeneous reactor model and employing the maximum temperature gradient criterion.
Flame C is a classical premixed flame, which is indicated by the large temperature rise, T p − T r , and the reactant mole fractions listed in Table 1 .
The temperature rise across the laminar flames with the diluted and preheated mixtures is observed to be relatively small, about 370 K for Flame A and 280 K for Flame B, which is typical of MILD combustion. Spatial variations of species mass fraction in the inflowing mixture fields are inevitable, as seen in Fig. 2a, when the MILD combustion occurs in three dimensions and it is not possible to represent this spatial variation in a representative 1D laminar flame. Indeed, the effect of additional dilution resulting from spatial variation reduces the burnt mixture temperature in the turbulent cases by about 150 K compared to the respective laminar flames [12] . To account for the dilution effect even for laminar flames, Table 2 . turbulent combustion conditions. mixture is named as a MILD Flame Element (MIFE) in this study [24] . As one would expect, this averaging yields significantly smaller mole fraction values as noted in Table 1 for MIFEs A and B compared to the Flames A and B. Also, the burnt mixture temperature, T p , is only about 27 K higher than the DNS values (this is the maximum difference observed). For these reasons, MIFEs are taken to be representative flamelets for the MILD combustion cases investigated in this study and their thermochemical attributes listed in Table 1 are used to normalise the respective DNS results. For example, length, gradient of reaction progress variable and reaction rate are respectively normalised using δ th , 1/δ th and ρ r S L /δ th . The normalised quantities are denoted using a superscript "+".
Conditions for turbulent MILD combustion
Three MILD and one classical premixed combustion case were simulated. The turbulence and thermochemical conditions of these four cases are given in Table 2 .
The thermochemical conditions for Cases A1 and A2 are based on Flame A. Thus, they have the same dilution level, but their turbulence conditions are different as shown in Table 2 . Case A1 has the same turbulence field as in Case B1, but uses the same thermochemical conditions as Case A2. All of the four cases have an equivalence ratio of φ = 0.8 and the autoignition temperature for this lean methane-air mixture is 1100 K. The temperature of the initial and inflowing mixture is set to be T m ≈ 1500 K for the MILD combustion cases, and 600 K for the premixed combustion Case C. The high value of T m for the MILD combustion cases is comparable to that used in experiments [28] . This inlet temperature together with the low mole fraction of O 2 suggests that the combustion conditions are strictly in the MILD regime.
The maximum X max O 2 ,r and averaged X O 2 ,r mole fractions of oxygen in the reactant mixture for the MILD cases are significantly smaller than for Case C because of the high dilution levels (see Table 2 ). These dilution levels are comparable to previous studies [2, 6, 3] .
The values of mean ξ and stoichiometric ξ st mixture fractions are also given in Table 2 . The RMS of velocity fluctuations and the integral length scale of the initial turbulence field are denoted respectively as u and l 0 in Table 2 . The Zeldovich thickness is δ F = (λ/ρc p )/S L , where λ and c p are respectively the mixture thermal conductivity and specific heat capacity at constant pressure. The Reynolds number, Re l 0 = u l 0 /ν r , with ν r as the kinematic viscosity of reactant mixture, is varied respectively from 67 to 96 for the MILD cases. An estimate of the Reynolds number for MILD combustion in previous studies [29, 11, 13] using the information for reacting jet flows [30, 31, 32, 33] suggests that the values of Re l 0 in Table 2 are comparable to those for previous MILD combustion experiments. The turbulence level for Case C, the premixed combustion case, is deliberately set to be a small value to help to contrast the behaviour of reaction zones and their structure in MILD conditions and in premixed combustion with large Damköhler number. The Damköhler and Karlovitz numbers are defined as
The three MILD cases are in the thin-reaction zones regime , and Case C is near the border between the thin-reaction zones and corrugated flamelets regimes in a turbulent combustion regime diagram [34] . 
Computational detail
The computational domain is of size L x × L y × L z =
Results and Discussion

Temperature and reaction zone behaviour
Typical PDFs of normalised temperature, c T = (T − T r )/(T p − T r ), are shown in Fig. 3 for various x + locations for the Case B1 in Table 2 . These PDFs are constructed using samples collected over the entire sampling period. This PDF indicating a bimodal behaviour for the premixed case is also shown for x + = 17.5
in Fig. 3 . The PDFs of the MILD case show neither a sharp peak nor a bimodal behaviour. The PDF for the x + = 0.30 location, which is near the inlet boundary,
shows that unburnt gases are predominant at this region. The PDF shows a plateau in 0.2 ≤ c T ≤ 0.7 for the location x + = 2.9 suggesting distributed combustion.
As one moves further downstream, the probability of finding burnt gases increases and the PDF distribution is relatively broader compared to that of the premixed case.
Typical contours of c T andω c T , which is the normalised reaction rate of c T , are shown in Fig. 4 for a x-y plane located at z = L z /2. The reaction rate is calculated as ω c T =Q/c p (T p − T r ), whereQ is the heat release rate. The contours ofω c T = ω c T /ω c T ,max = 0.2 and 0.5 shown in Fig. 3 for the premixed case form thin reaction zones with a typical thickness of about δ th , where ω c T ,max is the global maximum reaction rate at t = 1.5τ D . This behaviour is consistent with the bimodal PDF shown in Fig. 3 for the premixed case. Furthermore, the peak reaction rate is located along c T = 0.6 contour (grey dashed line), which is consistent with a previous observation [35] on the relation between c T and ω c T . Although the value of Da for Case C is larger than for the MILD cases (see Table 2 ), previ- in the domain to form a patchy appearance. Such patchy reaction zones are also observed in OH PLIF images of a previous experimental study [8] . Despite the existence of such thin local reaction zones, the temperature field is distributed as shown in the PDF of c T in Fig. 3 . This results from broader and distributed reaction zones, which are also seen in Fig. 4 . The patchy appearance or distributed nature of the reaction zones results from their abundant and frequent interactions.
Previous analysis of time histories of the reaction zones has identified these in-teractions [12] , which are not considered further in this study. Also, the intense reaction zones near the inlet boundary observed in Fig. 4 for the MILD cases are due to the radicals and intermediate species present in the reactant mixture diluted using products. The presence of these species and the high temperature of the reactant mixture will significantly shorten the autoignition delay time.
The reaction zones represented byω c T ≥ 0.5 in Fig. 4 are analysed next to study their morphological characteristics in order to understand whether these reaction zones are thin or not.
Morphology of reaction zones
Minkowski functional and shapefinders
The reaction zone morphology is analysed using Minkowski functionals [39] , which help to define shapefinders. The shapefinders are characteristic scales for length, L, width, W , and thickness, T , of a three dimensional object of interest. The Minkowski functionals and shapefinders have been used to quantify isodensity structures in cosmology [40, 41, 42, 43, 44, 45, 46, 47, 48] , magnetic field structures in magneto-hydrodynamics [49] and structures of homogeneous turbulence [50] . There are (n + 1) Minkowski functionals for a n-dimensional object and the 4 functionals for a 3D object are given as [43, 48] 
where V is the volume of the object enclosed by its surface, S, with a surface area of S, and κ 1 and κ 2 (κ 1 ≥ κ 2 ) are the two principal curvatures at a given point on S. It is apparent that the mean and Gaussian curvatures integrated over the entire surface are involved respectively in V 2 and V 3 , and local values of these curvatures are used in many turbulent combustion models. The integrated Gaussian curvature, V 3 , is the Euler characteristic, χ, which is a topological invariant of the three-dimensional object of interest. These four functionals defined in Eqs. (1) to (4) are Galilean invariant morphological properties of a three dimensional object.
In the present study, the Minkowski functionals are computed for many objects identified using iso-surfaces of reaction rate and extracted by employing a grid cell counting method [42, 44] .
Three characteristic scales for the shapefinder are obtained from the four functionals given in Eqs.
(1) to (4) as [43] :
and they satisfy L ≥ W ≥ T for any convex body [44] . Also this inequality holds for closed partially concave objects since the Minkowski functionals are additive [44, 50] . These four functionals have to be positive to obtain physically meaningful shapefinders using Eqs. 
The definition of L in Eqs. 7 and 8 is identical for objects with no holes, G = 0. and for an infinitely large thin circular disk of thickness δ, they are (T, W, L) = (1.5δ, ∞, ∞). Thus, these three quantities yield representative scales for the spatial extent of a structure and do not give its exact dimensions except for a sphere.
Dimensionless shapefinders are defined as [43] :
19 Figure 5 . A representative map of shapefinders [50] .
These two quantities allow a convenient visual representation of the geometry for a group of objects in a two-dimensional (P, F ) space. They vary from 0 to 1 when the inequality L ≥ W ≥ T is met. The filamentarity approaches to 1 when L is very large compared to W and T . The planarity is close to 1 when W T . Thus a long tube has F ∼ 1 and P ∼ 0 while a sheet has F ∼ 0 and P ∼ 1. Typical shapes are marked in the shapefinder, (P, F ), map shown in Fig. 5 . It is obvious that (P, F ) = (0, 0) for a spherical object.
Shape of reaction zones
The reaction zones are identified first using a threshold for ω + c T and this identification introduces some subjectivity in the analysis depending on the threshold value used. Also, the use of a single threshold value for all the cases does not identify regions with similar reaction rate magnitudes since the normalising factor ρ r s L /δ th is not the same for all the cases considered in this study. To remove these ambiguities, the threshold value is chosen using Z(ξ) = ∆SN c ω c T |ω c T = ξ For most of the objects identified using the threshold value of ξ + 1 as noted above, the surface average of κ 1 κ 2 is positive for all the four cases considered in this study. This implies that V 3 is also positive for these objects. However, the joint PDFs of κ 1 and κ 2 (not shown here) for the identified structures suggest that there are some negative principal curvature(s) locally. Thus, these structures have local concavity possibly with holes, although they are made of convex surface in an integral sense. Therefore, Eq. (8) is used to compute L in the present analysis. As one observes in Fig. 9 , this inequality is satisfied predominantly and there are some samples violating the condition L + > W + . A detailed investigation of these samples identified that this is due to numerical errors as these objects are small and they are excluded from further consideration since they give negative F (see Eq. 10) which is non-physical. The effect of spatial resolution on the calculation of the shapefinders is explored in Appendix A. Furthermore, it has been observed that only a very small percentage of the reaction zone structures extracted from the DNS does not obey the inequality. These percentages are 1.8% in Case A1, 1.2%
in Case A2, 0.37% in Case B1 and none in Case C. Thus, it becomes clear that the statistics reported here are not influenced by omitting these small structures or numerical errors while calculating P and F . These ranges are reduced relatively in Cases A2 and B1 compared to Case A1.
As noted in table 2, Cases A2 has a lower turbulence Reynolds number compared to Case A1 despite the same dilution level and thus the range of these scales are reduced somewhat. However, for the most diluted Case B1 having the same Re l0
as Case A1, most of the data are concentrated in a relatively narrower range. This is because of mixture non-uniformity in Case B1 resulting in convolutions and interactions of reaction zones as shown in Fig. 4 . The characteristics of sheet-like structures seen in the premixed case is not observed for the MILD combustion cases.
The characteristic scales shown in Fig. 9 are used to calculate the shapefinders P and F using Eqs. (9) and (10) Figure 11 . PDF of (a) planarity and (b) filamentarity for Case A1 (thin-solid), Case A2 (dashed), Case B1 (dash-dotted), and Case C (thick solid).
with pronounced peaks in the PDFs as seen in Fig. 11 . This figure suggests that the most probable value for (P, F ) is (0.79, 0.2) for the premixed case. The most probable value of P varies between 0.3 and 0.5, and F is about 0.2 for the MILD cases. These values suggest that the most probable shape for the MILD reaction zone is pancake-like. Such shapes can result from autoigniting regions which do not necessarily result in thin flame fronts. The average and most probable values of volume V and the three characteristic length scales of these structures used in the above analyses are given in Table 3 . These values are normalised using the respective δ th given in the same 
Autoignition and flame propagation characteristics
The analysis in the previous subsection showed that MILD reaction zones have statistically pancake-like shapes. Since propagating flame is usually associated with thin sheet-like structures, these pancake-like shapes are suggestive of frequent events of autoignition of interacting flames in MILD combustion. Autoignition is sensitive to the local temperature and mixture composition which are influenced by turbulent mixing and molecular diffusion [3, 51, 17] . Especially, turbulent mixing directly affects the autoignition delay time [51] . In the present configuration, inlet mixture is imperfectly mixed containing reactants and The predominant characteristics of local combustion in MILD mixtures is studied using a flux-balance analysis in the next subsection.
Balance of convection, diffusion and chemical reaction
Turbulent combustion involves a balance of convection, diffusion and chemical reaction processes. The transport equation for normalised temperature, c T , is written as:
where u i is the fluid velocity in direction x i and D c T is the molecular diffusivity of c T . The balance among these terms, C , D and R, may be assessed by studying B defined as:
which makes Eq. (11) read as ∂ρ c T /∂t + B = 0. For zero-dimensional homogeneous transient combustion in a fixed-mass constant pressure reactor, Eq. (11) is dominated by the chemical source R and unsteady terms, giving B = −|R|.
This situation is akin to combustion in a Perfectly Stirred Reactor (PSR) with a volume V and a mass flow rate ofṁ in , having a governing equation for c T given Clearly, such regions cannot be modelled using a standard flamelet approach involving scalar gradient related quantities, since the direct relation between the scalar gradient and reaction rate no longer holds for these and also there is no convective-diffusive-reactive balance.
Another canonical model is a steady one-dimensional premixed flame with inlet mixture velocity of S L . In this case, a balance among the convective, diffusive and reactive terms gives B = 0 and the reactive contribution scales as ρ r S L /δ th .
In turbulent premixed flames, however, there are large velocity fluctuations leading to local displacement of the flame and thus large C and R are observed near flame fronts yielding B > 0. This type of reaction zone might be similar to those observed under Homogeneous Charge Diffusion Ignition (HCDI) conditions [53] .
Based on these insights, the reaction and propagating-flame dominated regions are identified using B < 0 and B > 0 respectively. Although, ignition front and flame fronts may be identified by computing displacement speed [54] or by using
Chemical Explosive Mode Analysis (CEMA) [55] , the present analysis employs above criteria to connect the identification more directly with the canonical ignition and propagation phenomena for future modelling purposes. Fig. 4d . A typical reaction dominated and propagating-flame dominated regions are marked respectively using a black box and a white box with solid lines, which are enlarged at bottom right and top right respectively. Several continuous reaction zones having both reaction and propagating-flame phenomena are marked using black boxes with dashed lines. The box with dash-dotted lines in the centre denotes a region where the two phenomena are closely entangled, which is also enlarged at the middle right. It is well known that the gradient of c T plays an important role in turbulent premixed combustion [56, 57, 58] . Thus, the scalar gradient magnitude is expected to be large in propagating-flame dominated regions having B + ≥ 0. The contours of scalar gradient normalised using δ th are shown in Fig. 15 for Case B1
along with the contours of B + = 1.5 and −1.5. The scalar gradient field is only shown for the regions with ω c T ≥ 1.0 so that a direct comparison with Fig. 13 can be made. The regions of high reaction rate are not necessarily associated with regions of large scalar gradient in MILD combustion due to interactions of reaction zones [12] unlike in premixed combustion [57, 59] . This can be seen by compar- have relatively small scalar gradient. These results further reinforce the observation on the distinctive scalar gradient characteristics of the MILD combustion in a previous study [24] .
In premixed combustion, intense heat release rate is associated with large scalar dissipation rate, which is directly related to scalar gradient magnitude [57, 58, 59] . Thus, regions with large scalar gradient are conducive to the establishment of propagating flames which propagate until they collide with other locally propagating flames [12] . The propagating flames may not established quickly in regions with small scalar gradient which may be conducive to establish reaction-dominated events and thus these events are prevalent in these loca- The morphology of the reaction zones in the MILD and premixed combustion is also investigated using Minkowski functionals. There are four functionals for a three dimensional object, and three characteristic length scales for the object are deduced using these four functionals. A shapefinder map involving two parameters, planarity and filamentarity, is obtained using the three characteristic length scales. These shapefinders are used for a convenient and unambiguous morphological classification of the reaction zone structures observed in the DNS as detailed in section 3.2. These structures are extracted using the reaction rate value, The relative role of autoignition and flame-propagation may change with a decrease in T r and one needs further direct simulations to assess this conclusively.
It is also imperative that the combustion sub-modelling for turbulent combustion under MILD conditions must be able to cater for both autoignition and flamepropagation since these processes are likely to be interweaved in space and time.
Appendix A.
Three simple shapes, a sphere with radius r s , a cylinder with radius r c , and an elliptic cylinder with r e1 and r e2 respectively as minor and major radii are tested to determine the spatial resolution required to obtain accurate shapefinders. 
